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Study Objectives
1. Predict changes in fire regimes and forest 

vegetation under a range of climate and 
restoration scenarios

2. Estimate changes in future hydrologic and 
sediment output due to restoration and forest type 
change

3. Identify areas of the Kaibab Plateau that are most 
likely to experience negative hydrologic impacts



Kaibab Plateau, AZ

• Area: 828,000 acres
• Elevation: 4,725 to 9,284 ft
• Forest Types: pinyon-juniper, 

ponderosa, mixed conifer, 
spruce-fir

• Fire Regimes: variable 
frequency and severity

• Dendroecological data



Methods: Forest Modeling Approach
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Flatley, W. T., and P. Z. Fulé. 2016. Are historical fire regimes compatible with future climate? 
Implications for forest restoration. Ecosphere 7:e01471-n/a.



Model Outputs: Historical Fire Regime
Fire Severity Forest Composition

Flatley, W. T., and P. Z. Fulé. 2016. Are historical fire regimes compatible with future climate? 
Implications for forest restoration. Ecosphere 7:e01471-n/a.



Methods: Climate Scenarios

1. Contemporary Climate

2. Ensemble RCP 4.5 
(5.9°F increase)

3. Ensembel RCP 8.5 
(9.9°F increase)



Methods: Restoration Scenarios

1. No Restoration

2. Low Restoration: Thinning 
or prescribed burns on 
1.25% of the target area per 
year (80 year rotation)

3. High Restoration: Thinning 
or prescribed burns on 5% of 
the target area per year (20 
year rotation)



Restoration Rate
Climate Condition No 

Restoration

Low 

Restoration

High 

Restoration

No Change 505.3 (61.5) 356.8 (37.8) 206.1 (47)

RCP 4.5 485.3 (34.3) 343.7 (41.8) 187.8 (40)

RCP 8.5 513.7 (38.1) 356.1 (50.4) 215 (36.1)

Results: High Severity Area Burned in 
thousands of acres from 2010-2110



High Severity Fire 
and Climate Change

• High severity fire drives forest 
turnover and resulting 
compositional change



Forest Composition in 2110
RCP 8.5 No Restoration

Forest Composition under 
historical fire regime and climate



Results: Percent of Landscape in different 
Forest Types in 2110



Conclusions
• Decline of mesic conifers and aspen

• Shift toward pinyon-juniper and ponderosa 
pine forest types

• Restoration reduces high severity fire, non-
forest area and delays the decline of legacy 
forests

• Both low and high restoration rates have 
beneficial outcomes

photo courtesy of Pete Fulé



Questions?
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Fuel Treatments as a Strategy to Mitigate Climate Impacts on 
Wildfire, Vegetation, and Water on the Kaibab Plateau, AZ

Part II: Hydrologic Modeling





Linking Vegetation to Water

Oak Savanna Ponderosa Forest Mixed Conifer Forest Subalpine Forest

405 m.a.s.l.
513 mm MAP

85%

1160 m.a.s.l.
805 mm MAP

75%

2015 m.a.s.l.
1015 mm MAP

63%

2700 m.a.s.l.
1078 mm MAP

44%
ET as percent of precipitation

Goulden et al. (2012)
Photos: http://criticalzone.org/sierra/



Linking Disturbance to Water

Wildfire
Reduces ET 13-29%

Forest Restoration
Reduces ET 1-16%

Dore, et al. (2012)

How will forest change affect runoff and 
recharge on the Kaibab Plateau?

Linking Disturbance to Water

Wildfire
Reduces ET 13-29%

Forest Restoration
Reduces ET 1-16%

Dore, et al. (2012)

How will forest change affect runoff and 
recharge on the Kaibab Plateau?

Linking Disturbance to Water

Wildfire
Reduces ET 13-29%

Forest Restoration
Reduces ET 1-16%

Dore, et al. (2012)

How will forest change affect runoff and 
recharge on the Kaibab Plateau?

High-Intensity Wildfire
13-29% reduction in ET

Large (>100 x higher) increase 
in suspended sediment

Forest Restoration
1-16% reduction in ET
Little to no increase 

in suspended sediment

How will vegetation type shifts, restoration, and disturbances affect the quantity and 
quality of runoff from the Kaibab Plateau?



Modeling Approach Overview

Vegetation Modeling

Hydrologic Modeling

Management
scenarios

RCP 45 and 85 
climate models

Future Kaibab Plateau 
Vegetation Types

Flow estimates in Roaring Spring 
and other water sources

Future Kaibab Plateau 
Fire Regime

Part I

Part II

Hydrologic Modeling
& Sediment Yield 

Vulnerability Analysis

Part II



Hydrologic Modeling
Future Kaibab Plateau 

Vegetation Types 
& Fire Regime

Management
scenarios

RCP 4.5 and 8.5 
climate models

Projected Future
Precipitation

Vegetation Type-specific
Regression Equations

Methods: Hydrologic Modeling



Historic Paired Watersheds Across Arizona

Alpine Grassland
Seven Springs

Mixed Conifer 
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Rattle Burn
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Whitespar
Three Bar



Regression Equations
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Strip-cut Thinning Ponderosa 
Beaver Creek

USDA Forest Service Photograph

Historic Paired Watersheds Across Arizona

Cable Removal of Juniper 
Beaver Creek

Clary et al. (1974)



Modeling the Effect of Thinning

the 15-year 4FRI scenarios reported in this study. Cohorts were
treated consecutively in the first 10 years and it was assumed that
cohorts influenced runoff for 6 years. So, for example, stands

treated in cohort 1, contributed to additional runoff in scenario
years 1-6 and stands treated in cohort 10 contributed from years
10–15.
We calculated additional runoff associated with thinning and

total watershed runoff by inserting values of the independent
variables into the revised and original Baker-Kovner regression
models, respectively. Pre-treatment and post-treatment basal area
values were derived from the 4FRI stand data. Years since
treatment ranged from y=0 to 5. As described previously, winter
precipitation values were droughts and pluvials drawn from the
PRISM model for ponderosa forests in the Verde watershed. We
set runoff increase to zero in years when winter precipitation was
less than 230 mm (9 inches). We transformed the unit of runoff
from mm to volume (million m3) using the area of each stand. We
estimated annual increases in runoff at the landscape scale by
summing stand level amounts for each scenario year, and
calculated summary statistics (mean, median, max, cumulative)
that allowed for a comparison of scenarios.

Estimating runoff from Salt-Verde watersheds
Unlike the first analysis area of the 4FRI project, there was not a

planned forest restoration project across the larger geography of
the Salt-Verde watersheds. We developed a range of estimates for
the extent, pace, and intensity of forest thinning that could be
conducted over this larger geography, grouped these estimates into
runoff scenarios, and ran the scenarios using the revised and
original regression models to estimate additional runoff from
treatments and total watershed runoff. To estimate the potential
areal extent of thinning, we subtracted from the total forested
areas those land uses that are typically considered unsuitable for
mechanical thinning. We bracketed this initial area estimate with
lower values to account for the lack of comprehensive spatial
information. Assuming that the pace of treatments at this scale
could take longer, we constructed 15-, 25-, and 35-year runoff
scenarios. Finally, we assumed that the intensity of forest thinning
at this scale would be similar to the range of basal area reductions
planned for the first analysis are of the 4FRI project. The
remaining parts of this section describe these steps in greater
detail.
Based on a methodology developed in a previous study that

estimated wood supply on four National Forests in northern
Arizona [33], we subtracted from the total area of ponderosa pine
in the watersheds – 0.68 million ha (1.68 million acres) – those
areas that are typically excluded from mechanical thinning
projects due to steepness, restrictions in land management,
previous treatments, or considerations of soil, habitat, or wildlife
conditions (Table 1). We adopted 6 of the 7 ‘‘exclusion’’ criteria
from that study and added one additional factor. We removed one
criterion – Northern goshawk nest areas –because the mean basal
area reduction for these areas in the 4FRI project was greater than
30% [19] suggesting that thinning in these areas could result in
additional runoff based on the results of the Beaver Creek
experiments [20]. We added one criterion – high severity burn
patches – because a nearby study on the recovery of ponderosa
pine forests after wildfire demonstrated that mature forests suitable
for thinning would not likely develop in areas that had burned with
high severity within the timeframe of this study [34]. While two of
the three 4FRI prescriptions for Mexican Spotted Owl Protected
Activity Centers (MSO PAC) would result in negligible changes in
basal area, one would allow for basal area reductions greater than
30% [19]. However, we were not able to differentiate among these
prescriptions from the data we obtained, so we opted for a
conservative estimate for this factor by excluding MSO PAC areas
from our analysis. Compiling the publicly available geospatial data

Figure 3. Influence of independent variables on runoff model.
Relationships between model output to values for independent
variables, including (a) winter precipitation, (b) percent basal area
reduction, and (c) years since treatment. In all cases, other independent
variables are held constant in order to view relationship of independent
variable plotted on X-axis to model output.
doi:10.1371/journal.pone.0111092.g003

Effects of Climate Variability and Thinning on Forest Runoff

PLOS ONE | www.plosone.org 5 October 2014 | Volume 9 | Issue 10 | e111092

the 15-year 4FRI scenarios reported in this study. Cohorts were
treated consecutively in the first 10 years and it was assumed that
cohorts influenced runoff for 6 years. So, for example, stands

treated in cohort 1, contributed to additional runoff in scenario
years 1-6 and stands treated in cohort 10 contributed from years
10–15.
We calculated additional runoff associated with thinning and

total watershed runoff by inserting values of the independent
variables into the revised and original Baker-Kovner regression
models, respectively. Pre-treatment and post-treatment basal area
values were derived from the 4FRI stand data. Years since
treatment ranged from y=0 to 5. As described previously, winter
precipitation values were droughts and pluvials drawn from the
PRISM model for ponderosa forests in the Verde watershed. We
set runoff increase to zero in years when winter precipitation was
less than 230 mm (9 inches). We transformed the unit of runoff
from mm to volume (million m3) using the area of each stand. We
estimated annual increases in runoff at the landscape scale by
summing stand level amounts for each scenario year, and
calculated summary statistics (mean, median, max, cumulative)
that allowed for a comparison of scenarios.

Estimating runoff from Salt-Verde watersheds
Unlike the first analysis area of the 4FRI project, there was not a

planned forest restoration project across the larger geography of
the Salt-Verde watersheds. We developed a range of estimates for
the extent, pace, and intensity of forest thinning that could be
conducted over this larger geography, grouped these estimates into
runoff scenarios, and ran the scenarios using the revised and
original regression models to estimate additional runoff from
treatments and total watershed runoff. To estimate the potential
areal extent of thinning, we subtracted from the total forested
areas those land uses that are typically considered unsuitable for
mechanical thinning. We bracketed this initial area estimate with
lower values to account for the lack of comprehensive spatial
information. Assuming that the pace of treatments at this scale
could take longer, we constructed 15-, 25-, and 35-year runoff
scenarios. Finally, we assumed that the intensity of forest thinning
at this scale would be similar to the range of basal area reductions
planned for the first analysis are of the 4FRI project. The
remaining parts of this section describe these steps in greater
detail.
Based on a methodology developed in a previous study that

estimated wood supply on four National Forests in northern
Arizona [33], we subtracted from the total area of ponderosa pine
in the watersheds – 0.68 million ha (1.68 million acres) – those
areas that are typically excluded from mechanical thinning
projects due to steepness, restrictions in land management,
previous treatments, or considerations of soil, habitat, or wildlife
conditions (Table 1). We adopted 6 of the 7 ‘‘exclusion’’ criteria
from that study and added one additional factor. We removed one
criterion – Northern goshawk nest areas –because the mean basal
area reduction for these areas in the 4FRI project was greater than
30% [19] suggesting that thinning in these areas could result in
additional runoff based on the results of the Beaver Creek
experiments [20]. We added one criterion – high severity burn
patches – because a nearby study on the recovery of ponderosa
pine forests after wildfire demonstrated that mature forests suitable
for thinning would not likely develop in areas that had burned with
high severity within the timeframe of this study [34]. While two of
the three 4FRI prescriptions for Mexican Spotted Owl Protected
Activity Centers (MSO PAC) would result in negligible changes in
basal area, one would allow for basal area reductions greater than
30% [19]. However, we were not able to differentiate among these
prescriptions from the data we obtained, so we opted for a
conservative estimate for this factor by excluding MSO PAC areas
from our analysis. Compiling the publicly available geospatial data

Figure 3. Influence of independent variables on runoff model.
Relationships between model output to values for independent
variables, including (a) winter precipitation, (b) percent basal area
reduction, and (c) years since treatment. In all cases, other independent
variables are held constant in order to view relationship of independent
variable plotted on X-axis to model output.
doi:10.1371/journal.pone.0111092.g003
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the 15-year 4FRI scenarios reported in this study. Cohorts were
treated consecutively in the first 10 years and it was assumed that
cohorts influenced runoff for 6 years. So, for example, stands

treated in cohort 1, contributed to additional runoff in scenario
years 1-6 and stands treated in cohort 10 contributed from years
10–15.
We calculated additional runoff associated with thinning and

total watershed runoff by inserting values of the independent
variables into the revised and original Baker-Kovner regression
models, respectively. Pre-treatment and post-treatment basal area
values were derived from the 4FRI stand data. Years since
treatment ranged from y=0 to 5. As described previously, winter
precipitation values were droughts and pluvials drawn from the
PRISM model for ponderosa forests in the Verde watershed. We
set runoff increase to zero in years when winter precipitation was
less than 230 mm (9 inches). We transformed the unit of runoff
from mm to volume (million m3) using the area of each stand. We
estimated annual increases in runoff at the landscape scale by
summing stand level amounts for each scenario year, and
calculated summary statistics (mean, median, max, cumulative)
that allowed for a comparison of scenarios.

Estimating runoff from Salt-Verde watersheds
Unlike the first analysis area of the 4FRI project, there was not a

planned forest restoration project across the larger geography of
the Salt-Verde watersheds. We developed a range of estimates for
the extent, pace, and intensity of forest thinning that could be
conducted over this larger geography, grouped these estimates into
runoff scenarios, and ran the scenarios using the revised and
original regression models to estimate additional runoff from
treatments and total watershed runoff. To estimate the potential
areal extent of thinning, we subtracted from the total forested
areas those land uses that are typically considered unsuitable for
mechanical thinning. We bracketed this initial area estimate with
lower values to account for the lack of comprehensive spatial
information. Assuming that the pace of treatments at this scale
could take longer, we constructed 15-, 25-, and 35-year runoff
scenarios. Finally, we assumed that the intensity of forest thinning
at this scale would be similar to the range of basal area reductions
planned for the first analysis are of the 4FRI project. The
remaining parts of this section describe these steps in greater
detail.
Based on a methodology developed in a previous study that

estimated wood supply on four National Forests in northern
Arizona [33], we subtracted from the total area of ponderosa pine
in the watersheds – 0.68 million ha (1.68 million acres) – those
areas that are typically excluded from mechanical thinning
projects due to steepness, restrictions in land management,
previous treatments, or considerations of soil, habitat, or wildlife
conditions (Table 1). We adopted 6 of the 7 ‘‘exclusion’’ criteria
from that study and added one additional factor. We removed one
criterion – Northern goshawk nest areas –because the mean basal
area reduction for these areas in the 4FRI project was greater than
30% [19] suggesting that thinning in these areas could result in
additional runoff based on the results of the Beaver Creek
experiments [20]. We added one criterion – high severity burn
patches – because a nearby study on the recovery of ponderosa
pine forests after wildfire demonstrated that mature forests suitable
for thinning would not likely develop in areas that had burned with
high severity within the timeframe of this study [34]. While two of
the three 4FRI prescriptions for Mexican Spotted Owl Protected
Activity Centers (MSO PAC) would result in negligible changes in
basal area, one would allow for basal area reductions greater than
30% [19]. However, we were not able to differentiate among these
prescriptions from the data we obtained, so we opted for a
conservative estimate for this factor by excluding MSO PAC areas
from our analysis. Compiling the publicly available geospatial data

Figure 3. Influence of independent variables on runoff model.
Relationships between model output to values for independent
variables, including (a) winter precipitation, (b) percent basal area
reduction, and (c) years since treatment. In all cases, other independent
variables are held constant in order to view relationship of independent
variable plotted on X-axis to model output.
doi:10.1371/journal.pone.0111092.g003
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Robles et al. (2014)



Hydrologic Modeling

Vegetation Type-specific
Regression Equations

Future Kaibab Plateau 
Vegetation Types 
& Fire Regime

Management
scenarios

Projected Future
Precipitation

Undisturbed 
Forest Water Yield

Water Yield Change 
Due to Thinning

RCP 4.5 and 8.5 
climate models

Methods: Hydrologic Modeling



Results: Total Runoff
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Results: Runoff by Ecoregion

1980 2020 2060 20801980 2020 2060 2080

40

80

120

160

M
ed

ia
n 

An
nu

al
 R

un
of

f (
m

m
)

No Restoration High Restoration

40

80

120

160

Simulation Year



Methods: Sediment Yield Vulnerability

LIDAR-Derived Sediment Yield from 2011 Las Conchas Fire (NM)

Pelletier and Orem, Earth Surface Processes and Landforms (2014)



Methods: Sediment Yield Vulnerability
Equation for Sediment Yield

Pelletier and Orem, Earth Surface Processes and Landforms (2014)
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Methods: Sediment Yield Vulnerability

Expected Annual
Sediment Yield

Annual Probability of 
High Severity Fire

Annual Probability of 
Moderate Severity Fire

Annual Probability of 
Low Severity Fire

Calculated Sediment Yield 
for High Severity Fire

Calculated Sediment Yield 
for Moderate Severity Fire

Calculated Sediment Yield 
for Low Severity Fire

=

×

×

×

+…[

[

[

]

]

]

+…

Relative Measure 
of Sediment Yield 

Vulnerability 
Calculated for 

Each Cell

Based on 
LANDIS 

Simulations

From Equations 
Developed for 

the Las Conchas
Fire



Results: Sediment Yield Vulnerability
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Conclusions
• High-elevation forests are most vulnerable to reductions in water 

yield due to climate change.
• A high restoration rate is effective in mitigating the effects of 

climate change in mid-elevation forests.
• Restoration is expected to reduce vulnerability to post-fire 

sediment yield in mid-elevation forests, and also has positive 
effects for high- and low-elevations
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